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Abstract 

A  study  was  made  of  the  electron  paramagnetic  resonance  (EPR),  the  Mn3+/Mn4+  ratio,  the  OH-  groups  contents,  the  ionic  conductivity 
value  and  the  specific  capacity  in  different  electrolytically  and  chemically  prepared  manganese  dioxides  which  were  intended  for  use  in  power 
sources.  Typical  EPR  signal  for  the  powdered  Mn02  samples  is  wide  single  line  with  g  =  1 .94.  The  replacement  of  some  Mn4+  ions  hy  Mn3+ 
modified  the  character  of  the  exchange  interaction.  A  correlation  was  established  between  the  width  of  the  EPR  signal  and  electrochemical 
parameters  of  the  samples.  It  is  supposed  that  the  EPR  data  can  be  useful  for  the  semi-quantitative  expression  of  chemical  and  electrochemical 
activity  of  different  Mn02  samples. 
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1.  Introduction 

Manganese  dioxide  (Mn02)  is  the  most  extensively  used 
electrode  material  for  different  types  of  power  sources 
(alkaline  primary  and  rechargeable,  lithium-  and  magne¬ 
sium-based  batteries)  [1-3].  The  dependence  of  physico¬ 
chemical  properties  of  Mn02  on  the  conditions  of  its 
preparation  poses  the  problem  of  determination  of  the  nature 
of  electronic  and  defect  states  defining  these  properties.  This 
question  had  been  studied  thoroughly  in  [4,5]  but  a  further 
consideration  is  required  because  of  the  considerable  devia¬ 
tion  of  battery  “active”  manganese  dioxide  composition 
from  stoichiometry  and  complexity  of  its  structure.  As  our 
previous  study  [6]  shows  the  structure  defects  determines 
electrochemical  activity  of  oxide  cathode  materials.  The 
measure  of  the  investigated  oxides  non-stoichiometry  was 
the  value  of  the  ionic  conductivity.  From  the  obtained  results 
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it  is  possible  to  conclude  that  the  directed  change  in  defects 
concentration  can  be  the  method  of  preparation  of  an  active 
cathode  materials,  including  manganese  dioxide. 

The  electron  paramagnetic  resonance  (EPR)  is  known  as  a 
very  important  tool  of  investigation  a  nature  of  electronic 
and  defect  states  in  solids  [7].  This  method  is  successfully 
used  for  the  study  of  different  oxide  states  of  manganese 
[8-12].  In  [11],  the  parameters  of  an  EPR  signal  in  Mn02 — 
g  =  2.13,  A B=  176  mT  were  presented.  Authors  in  [13] 
showed  that  g-factor  of  the  EPR  signal  of  Mn02  powders 
(signal  A)  is  equal  to  1.94  and  their  width  is  depending  on 
quality  of  samples.  The  signal  A  is  caused  by  the  Mn4+  ions 
(a  3d3  configuration,  S  =  3/2)  in  Mn02.  The  y-Mn02  phase 
is  a  paramagnetic  at  room  temperature  and  transforms  into 
an  antiferromagnetic  state  at  92  K.  According  to  the  Van 
Vleck  theory  [14],  the  calculated  magnitude  of  the  expected 
width  of  the  line  A B  for  the  spectrum  of  Mn4+  in  Mn02  is 
about  430  mT.  The  smaller  magnitude  of  A B  for  the 
observed  signals  is  caused  by  the  exchange  interaction 
between  Mn4+  ions  that  results  in  so-called  exchange  nar¬ 
rowing  [7].  The  trivalent  manganese  ions  availability  into 
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the  y-Mn02  structure  should  be  explained  by  the  presence  of 
defects  [4].  The  defects  caused  by  the  presence  of  Mn3+  ions 
in  the  analogous  positions  of  the  Mn02  lattice  stabilized  by 
OH-  groups  or  other  compensators.  The  partial  substitution 
of  tetravalent  manganese  ions  for  trivalent  ones  (a  3d4  con¬ 
figuration,  S  =  2)  modifies  the  character  of  the  dipole-dipole 
interaction  and  exchange.  The  kinetic  Mn4+-0-Mn4+ 
exchange  is  typical  for  the  Mn02  lattice  and  is  antiferro¬ 
magnetic  in  character,  i.e.  •/Mn4+-Mn4+  <  0-  The  partial  sub¬ 
stitution  of  Mn4+  ions  for  Mn3+  causes  the  appearance  of 
one  Mn3+  ion  in  the  nearest  surrounding  of  Mn4+  ions, 
which  have  remained  at  their  places.  In  compounds  con¬ 
taining  ions  of  the  same  element  in  equivalent  positions 
of  their  lattices  but  with  different  valence,  the  so-called 
Zener  “double  exchange”  shows  itself  [15],  In  this  case  an 
exchange  with  an  electron  takes  place  between  a  Mn4+ 
cation  and  a  Mn3+  cation  separated  by  an  O2-  anion: 
Mn3+-02--Mn4+ <^Mn4+-02--Mn3+.  This  transfer 
is  the  result  of  the  two  processes:  (a)  a  transfer  of  a  p- 
electron  from  the  Mn3+  cation  to  the  Mn4+  cation;  (b)  a 
jump  of  a  d-electron  from  the  second  cation  to  its  place. 
Since  the  spin  of  the  jumping  electron  in  the  state  with  the 
lowest  energy  must  be  equally  oriented  in  relation  to  .Sj  and 
S2,  this  effective  indirect  exchange  is  ferromagnetic  in  a 
character  (in  this  case  J'Unn  >  0).  In  the  general  case, 
the  operator  of  energy  of  the  exchange  interaction  is  written 
in  the  form:  E  =  JeiSiS2  =  J2j<k(—2JjkSjSk)-  From  this 
expression  it  can  be  easily  seen  that  the  change  of  the  sign 
(and  the  value)  of  Jjk  for  the  part  of  interacting  ions  results  in 
the  decrease  of  the  absolute  value  of  the  effective  exchange 
integral  Jef  =  Jo  +  J'x  =  Jo(l  +  xJ' /Jo),  where  J0  is  the 
value  of  the  exchange  integral  in  “ideal”  Mn02.  The  width 
of  the  line  will  change  at  the  small  magnitudes  of  x  by  the 
following  law: 

(1> 

where  A B0  is  the  width  of  the  line  in  the  sample  free  from 
Mn3+.  The  comparison  of  experimental  data  allowed  us  to 
show  that  A B0  =  250  mT  and  J'/Jq  «  —4  [13]. 

Was  of  interest  to  use  the  EPR  method  for  the  analysis 
of  defect  states  in  a  various  electrode  materials  on  a  base 
of  manganese  oxide.  In  this  work  a  study  of  the  EPR,  the 
concentration  Mn3+/Mn4+  ratio,  the  OH-  groups  contents, 
the  ionic  conductivity  value  and  the  specific  capacity  in 
different  electrolytically  and  chemically  prepared  Mn02 
were  made.  The  Mn02  samples  were  intended  to  be  used 
in  power  sources.  It  was  important  to  establish  a  clearer 
correlation  between  the  EPR  signal  parameters  of  the  sam¬ 
ples  and  their  electrochemical  and  structural  parameters. 


2.  Samples  and  experimental  procedures 

Three  samples  (1-3)  were  synthesized  by  the  electro¬ 
chemical  method  from  a  manganese  sulfate  electrolyte 


Table  1 

Origin  and  specific  surface  area  of  Mn02  samples 


Sample  no. 

“8in 

Specific  surface 
area  (m2/g) 

1 

Electrolytic  manganese  dioxide 
produced  from  fluoride-containing 
electrolyte  [16]:  0.1  M  HF 

100 

2 

Electrolytic  manganese  dioxide 
produced  from  fluoride-containing 
electrolyte  [16]:  0.2  M  HF 

60 

3 

Electrolytic  manganese  dioxide 
produced  from  fluoride-containing 
electrolyte  [16]:  0.3  M  HF 

40 

4 

Chemical  manganese  dioxide, 
Pridneprovsk  Chemical  Plant, 
Dneprodzerzhinsk,  Ukraine 

20 

5 

Serial  sample  of  EMD-2  grade 
manganese  dioxide  (OST-6-22-34-76) 
produced  by  electrolysis  of  sulfate 
electrolyte,  Republic  of  Georgia 

20 

6 

Electrolytic  manganese  dioxide 
produced  by  Kerr-McGee  Corp.,  USA 

60 

containing  different  additives  of  fluoride  ions  (HF) 
[16,17].  Another  three  samples  (4—6)  were  get  from  com¬ 
mercial  sources:  sample  4  was  obtained  by  the  chemical 
method,  samples  5  and  6  were  produced  electrochemically 
(see  Table  1).  The  specific  surface  areas  of  the  samples  were 
measured  by  the  BET  method  [18]  (Table  1). 

The  samples  were  studied  using  X-ray  diffraction  analysis 
and  X-ray  phase  analysis  (DRON-3  diffractometer,  Mo  Koc- 
radiation).  The  data  enable  us  to  consider  samples  1-6  as  a  y- 
Mn02,  which  in  the  case  of  samples  1-3  contains  insignif¬ 
icant  amounts  of  a  a-Mn02. 

The  content  of  Mn3+  and  Mn4+  ions  in  the  samples  was 
determined  by  chemical  analysis.  The  total  manganese  in  the 
samples  was  determined  by  titration  with  KMn04,  the  Mn4+ 
content  being  estimated  using  oxalic  acid  [19,20].  The 
difference  between  the  total  manganese  and  Mn4+  content 
(after  correction  for  the  actual  Mn2+  content)  corresponds 
to  the  experimentally  determined  value  of  Mn3+  [19-21], 
The  content  of  water  and  OH-  groups  in  the  samples  was 
determined  by  thermogravimetric  analysis  using  a  procedure 
proposed  in  [22], 

An  ionic  component  of  the  conductivity  was  determined 
by  imposing  a  unipolar  rectangular  pulse  by  two-probe 
method  [23].  The  discharge  tests  of  manganese  dioxide 
were  performed  at  a  constant  external  loads  (0.3,  1.0,  and 
5.6  kfl)  at  room  temperature.  In  this  study  450  mg  of  powder 
from  each  sample  were  mixed  thoroughly  with  graphite 
(10  wt.%).  The  resulting  active  material  was  pressed  under 
10  MPa  pressure.  Taking  into  account  that  sample  6  could 
not  be  pressed  without  binder  agent  we  used  the  minimal 
possible  amount  of  binder  (a  Teflon  suspension — 0.5  wt.%). 
The  thickness  of  cathode  was  1 .6  mm.  The  obtained  cathode 
materials  were  tested  in  the  coin  elements  CR1142  (with 
a  diameter  of  1 1  mm  and  height  4.2  mm)  in  the  system 
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Mn02-Zn  in  an  electrolyte  containing  9N  KOH.  The  ele¬ 
ment  was  assembled  in  accordance  with  standard  principles 
[24],  The  presence  of  binder  in  a  sample  6  causes  the 
telemetry  error  approximately  1  mAh  during  discharge  at 
the  given  conditions. 

EPR  spectra  were  recorded  by  3  cm  SE/x-2547  (Radio¬ 
pan)  radiospectrometer  equipped  with  a  spectrum  analyzer, 
at  both  room  temperature  and  77  K. 


3.  Results 

The  EPR  spectra  recorded  in  the  different  Mn02  samples 
are  shown  in  Fig.  1.  A  nearly  symmetric  single  wide  line 
(signal  A)  with  g  =  1.94  ±  0.02  is  a  common  feature  to  all 
samples.  Its  width  (A B)  measured  between  the  edge  points  of 
the  derivative  of  an  absorption  signal  proved  to  depend  on 
the  type  of  sample  (see  Table  2).  In  some  samples  six  partly 
resolved  symmetrical  hyperfine  structure  (HFS)  lines  with 
g  =  2.000  ±  0.001,  A  =  8.81  ±  0.05  mT  are  superimposed 
on  the  line  A  (signal  B  in  Fig.  1).  The  employment  of  the 


B,  m  l 


Fig.  1.  EPR  spectra  of  Mn02  samples  1-6  (see  Section  3)  at  room 
temperature. 


Table  2 

Experimental  parameters  of  the  EPR  signals  for  various  Mn02  samples 


Signal  B 


g-factor  A B  (mT)  g-factor  A  (mT)  A B,  (mT) 


1  375  ±  19  6.8  ±  0.7 

2  390  ±  20  7.0  ±  0.7 

3  1.92  ±  0.01  418  ±  21  2.000  ±  0.001  8.81  ±  0.05  7.3  ±  0.7 

4  292  ±  15  6.0  ±  0.6 

5  285  ±  14  Signal  B 

6  268  ±14 


principles  of  modeling  of  such  spectra,  developed  previously 
[25],  made  it  possible  to  determine  the  parameters  of  their 
spin-Hamiltonian  and  to  estimate  AB,  of  the  individual 
components  of  the  spectrum  (Table  2).  In  work  [13] 
we  assigned  signal  B  to  MnSC>4  aqueous  solution  in  the 
physically  sorbed  water  localized  both  on  the  highly  devel¬ 
oped  surface  of  Mn02  particles  and  in  the  pores  of  their 
aggregates. 

The  dependence  of  the  line  A  width  (AB)  on  Mn3+/Mn4+ 
concentration  ratio  in  the  different  samples  is  plotted  in 
Fig.  2a.  This  figure  reveals  a  rather  clear  linear  correlation 
between  these  data. 

Data  comparison  of  line  Awidth  with  OH-  groups  content 
in  the  samples  is  represented  in  Fig.  2b.  The  linear  depen¬ 
dence  of  AB  on  OH-  groups  content  is  expected  in  case 
of  Mn3+  ions  charges  in  Mn02  lattice  compensated  by 
OH-  groups  (Fig.  2b). 

Typical  discharge  characteristics  of  Mn02  cathode  of 
the  coin  elements  CR1142  in  9N  KOH  electrolyte 
(R  =  5.6  and  0.3  kfl)  are  shown  in  Fig.  3.  The  obtained 
results  demonstrate  that  time  of  discharge  decreases  in  the 
order:  1  >3>2>6>5«4ata  constant  external  loading 
5.6  kQ.  The  time  of  discharge  decreases  in  a  similar  manner: 
l>3>2>6>5«4atR=l  kO.  This  order  is  changed 
at  loading  0.3  kQ:  3>lw2>5«4>6.  It  is  shown  that 
the  discharge  voltage  is  maximal  for  sample  6  produced  in 
Kerr-McGee  Corp.  at  the  investigated  range  of  loadings. 


(a)  and  content  of  OH  groups  (b)  in  the  investigated  samples  1-6. 
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(a)  T  (days) 


elements  CR1 142  in  9N  KOH  electrolyte:  (a)  R  =  5.6  k£l;  (b)  R  =  0.3  kll. 

The  comparison  of  the  ionic  conductivity  <7ion  data 
with  the  line  A  width  in  the  samples  is  shown  in 
Fig.  4a.  The  latter  confirms  the  linear  correlation  between 
them. 


Fig.  4.  Correlation  of  EPR  signal  A  width  (A B)  with  ionic  conductivity  (a) 
and  specific  capacity  of  Mn02-Zn  alkaline  coin  elements  (b)  in  the  investiga¬ 
ted  samples  1-6.  For  (b):  R  =  5.6  kfl  (□);  R  =  1  kQ  (A);  R  =  0.3  k£2  (#). 


The  specific  capacity  data  measured  in  the  samples  at 
different  loading  in  comparison  with  the  line  A  width  in 
them  are  shown  in  Fig.  4b.  It  also  represents  the  important 
correlation  between  these  data. 


4.  Discussion 

From  the  point  of  view  of  a  pure  magnetic  interaction,  the 
nature  of  non-magnetic  centers-compensators  in  samples 
Mn02  weakly  influences  the  signal  A  width  in  them.  As  it 
was  shown  in  [13],  A B  is  determined  by  the  Mn3+/Mn4+ 
ratio.  The  comparison  of  the  EPR  data  with  data  of  other 
measurements  shows  that  there  is  a  rather  clear  correlation 
between  the  width  of  line  A  and  the  Mn3+/Mn4+  ratio 
(Fig.  2a).  The  observable  linear  correlation  AB(Mn3+/ 
Mn4+)  is  described  by  expression  (1).  The  smaller  signal 
A  width  in  sample  6  compared  with  samples  4  and  5,  at  the 
little  bit  greater  value  of  Mn3+/Mn4+  ratio,  apparently,  could 
be  explained  by  the  distinction  in  the  samples  surface  area 
(60  m2/g  for  sample  6  and  20  m2/g  for  samples  4  and  5).  The 
last  mentioned  differentiation  exerts  influence  both  on  the 
precision  of  the  measurements  and  on  peculiarities  of  Mn3+ 
centers  distribution  in  particle  volume.  For  instance,  the 
main  contribution  to  the  registered  EPR  signal  A  width  at 
preferable  surface  localization  of  Mn3+  centers  give  Mn4+ 
ions  distributed  in  particles  bulk  where  the  concentration  of 
Mn3+  centers  is  lower.  It  means  that  the  registered  signal 
width  in  such  sample  should  be  lower,  than  in  a  sample  with 
uniform  distribution  of  Mn3+  centers. 

Apparently,  by  distinction  in  a  surfaces  can  explain  the 
fact  that  sample  6  has  the  higher  value  of  capacity  at 
R  =  5.6  kQ  than  samples  4  and  5  what  expected  according 
to  the  signal  A  widths  (Fig.  4b).  The  same  conclusion  can  be 
made  for  sample  1  and  similar  samples  2  and  3.  However,  the 
capacity  values  of  these  samples  at  low  loading  (0.3  kQ)  are 
in  better  agreement  with  the  EPR  data  (Fig.  4b). 

The  discharge  curves  analysis  at  different  loading 
deserves  a  special  attention  (Fig.  3).  At  homogeneous  dis¬ 
tribution  of  electroactive  centers  in  particle  volume  of  the 
samples,  it  is  possible  to  expect  rather  typical  behavior  of 
these  curves  at  different  loading  for  samples  with  various 
concentrations  of  active  centers.  The  observed  deviation  of 
the  discharge  curves  order  at  different  loading  (especially  in 
case  of  sample  6;  Fig.  3),  apparently,  should  be  explained  by 
the  distinction  in  surface  area  of  the  samples  mentioned 
above  and  also  by  inhomogeneity  of  electroactive  centers 
Mn3+  distribution  in  particles  volume.  At  preferential  loca¬ 
lization  of  Mn3+  centers  at  the  surface  such  sample  at  high 
loading  (in  this  case  the  main  channels  of  mass  transfer 
are  the  surface  states)  behaves  as  a  sample  containing 
considerably  higher  concentration  of  centers  at  their  uniform 
distribution  in  the  particles  volume.  At  low  loading  all 
electroactive  centers  participate  in  the  mass  transfer  and 
the  discharge  curves  behavior  follows  the  defects  concen¬ 
tration  in  samples. 
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Fig.  5.  Correlation  of  specific  capacity  of  Mn02-Zn  alkaline  coin 
elements  with  ionic  conductivity  in  the  investigated  samples  1-6: 
R  =  5.6  k£2  (□);  R  =  1  k£2  (A);  R  =  0.3  k£2  (#). 

Based  on  our  consideration,  it  is  evident  that  different 
mechanisms  of  mass  transfer  could  be  realized  at  different 
loading.  At  high  loading,  the  complete  electroreduction  of 
the  surface  states  proceeds  at  first  and  then  the  mass  transfer 
process  gradually  moves  into  the  bulk  of  a  cathode  material. 
At  low  loading,  when  the  values  of  current  are  large,  the 
defect  states  of  the  particles  volume  immediately  participate 
in  electroreduction  and  define  the  rate  and  activity  of 
samples  (see  also  below).  This  does  not  necessarily  mean 
that  such  dependence  does  not  exist  at  other  loading,  but  the 
best  agreement  of  our  results  can  be  seen  at  the  low  ones. 

It  should  be  emphasized  that  samples  obtained  from 
fluorine  containing  electrolytes  can  be  discharged  at  low 
external  loadings  (about  1  kO)  with  high  values  of  capacity 
(Figs.  4b  and  5).  It  can  be  observed  from  Fig.  2  that  these 
samples  have  the  largest  concentration  of  defect  positions. 
The  other  advantages  of  these  electrode  materials  for  power 
sources  are  simple  production  [16]  and  the  absence  of  Teflon 
binder  in  cathode  material. 

Comparing  the  results  of  both  the  physicochemical  mea¬ 
surements  and  discharge  tests  of  the  investigated  manganese 
dioxide  samples,  it  might  be  concluded  that  the  number  of 
lattice  defects — Mn3+  and  OH-  compensator  concentra¬ 
tions — increased  the  sample  capacity.  We  suppose  that  struc¬ 
ture  defects  considered  could  be  the  cause  of  the  faster  H+ 
ions  transport  during  discharge  by  means  of  the  exchange 
mechanism.  The  contribution  of  such  mechanism  in  the 
reduction  process  can  be  estimated  by  the  ionic  conductivity 
value  as  a  result  of  charge  carriers  self-diffusion  in  a  sample 
[26].  It  is  known  that  the  absolute  value  of  the  ionic  con¬ 
ductivity  depends  on  the  concentration  of  charge  carriers  and 
their  mobility  by  the  following  law  [26]: 

(7ion  =  qxNf,  (2) 

where  q  is  the  charge,  x  the  mole  fraction  of  defects,  N  the 
number  of  ions  per  unit  of  volume  and  fi  the  mobility.  In 
oxides  of  non-stoichiometric  composition  OH-  group  is  the 
main  carrier  of  ionic  charge.  The  latter  can  be  confirmed  by 
the  specific  capacity  (ionic  conductivity)  dependence  (Fig.  5). 


Actually,  a  rather  clear  correlation  between  electroche¬ 
mical  and  EPR  data  is  observed  (see  Figs.  4b  and  5).  Thus, 
dependencies  presented  can  be  practically  used  as  an  esti¬ 
mation  of  the  expected  specific  capacity  values  according  to 
A B  data  of  different  Mn02  samples.  It  is  proposed  to  use 
EPR  data  for  the  testing  and  semi-quantitative  expression  of 
chemical  and  electrochemical  activity  of  different  Mn02 
compounds.  Electrical  parameters  of  testing  elements  have 
confirmed  this  conclusion. 


5.  Conclusion 

In  the  EPR  study  of  the  electrolytically  and  chemically 
prepared  Mn02  powder  samples  we  established  that  a  broad 
singular  line  A  with  g  =  1 .94  is  typical.  A  hyperfine  signal  B 
also  appeared  in  some  samples  (g  =  2.000,  A  =  8.81  mT). 
The  latter  is  caused  by  Mn“+  ions  of  MnS04  aqueous 
solution  in  the  water  physically  adsorbed  that  are  localized 
both  on  the  highly  developed  surface  of  Mn02  particles  and 
in  the  pores  of  their  aggregates.  The  analysis  shows  that  the 
width  of  signal  A  is  due  to  the  presence  of  the  dipole-dipole 
and  exchange  interaction  between  Mn4+  ions.  The  partial 
substitution  of  Mn4+  ions  for  Mn3+  modifies  the  character  of 
the  interaction  and  causes  the  broadening  of  the  recorded 
signal.  The  good  correlation  between  the  width  of  signal  A  in 
different  samples  and  the  Mn3+/Mn4+  ratio  was  established. 
The  linear  dependence  of  A BA  and  the  content  of  OH- 
groups,  the  value  of  the  ionic  component  of  conductivity  as 
well  as  the  samples  capacity  are  also  observed  in  case  of 
Mn3+  ions  into  Mn02  lattice  compensation  by  OH-  groups. 
The  observable  dispersion  of  the  data  for  samples  with  close 
concentration  Mn3+  ions  (samples  1-6)  are  connected  to 
distinction  in  a  surface  of  samples  and  also  with  hetero¬ 
geneous  distribution  of  ions  in  particles. 

Our  results  show  that  EPR  data  can  be  the  measure  of 
defects  concentration,  which  are  responsible  for  electroche¬ 
mical  activity  of  manganese  dioxide  samples.  It  is  proposed 
to  use  EPR  data  for  the  testing  and  semi-quantitative  expres¬ 
sion  of  chemical  and  electrochemical  activity  of  manganese 
dioxide  in  power  sources. 

The  important  advantages  of  samples  1-3  are  the  ability 
of  discharge  at  low  external  loads  (about  1  kfi)  simple 
production  and  the  absence  of  binder  in  cathode  material. 
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